Electrically pumped continuous-wave vertical-cavity surface-emitting lasers at È2. 6 In this paper, electrically pumped GaSb-based vertical-cavity surface-emitting lasers operating continuous wave at a record long emission wavelength of ϳ2.6 m are presented. Owing to the excellent thermal heat management, the devices exhibit single-mode operation up to a heat-sink temperature of 55°C. Lateral current confinement and index guiding in the device are accomplished by utilizing the buried tunnel junction concept. Devices with aperture diameters of 6 m show maximum output powers of 0.3 mW at room temperature with quantum efficiencies around 10%. © 2009 American Institute of Physics. ͓doi:10.1063/1.3240406͔
Recently, there has been an increasing interest in midinfrared ͑mid-IR͒ diode lasers based on the ͑AlGaIn͒͑AsSb͒ material system on GaSb substrates due to a wide range of emerging applications. In particular, these lasers are currently of great interest for IR countermeasures against heatseeking missiles in the military field, 1,2 thermal imaging systems, 3 chemical process monitoring, 4, 5 and free-space optical communication. 6 In addition, in recent years, trace-gas sensing by tunable diode laser absorption spectroscopy ͑TD-LAS͒ has also drawn lots of attention for security and environmental reasons. 7 Compared to conventionally used electrochemical cells, this method offers certain advantages for the study of absorption spectra of gaseous molecules since it significantly increases the gas detection sensitivity and selectivity. 8 Principally suited light sources are edge emitting, distributed feedback lasers, and vertical-cavity surfaceemitting lasers ͑VCSELs͒. However, TDLAS requires a single-longitudinal and transverse-mode emission, high ͑electro͒thermal wavelength tunability, and a cost-effective production. 9 Since VCSELs fulfill all these requirements, they can be considered as ideal laser sources for this gas sensing application.
The wavelength range from 2 to 4 m is particularly interesting for TDLAS because a number of polluting gases exhibit strong absorption lines in this spectral region. Over the past couple of years, significant progress has been made toward the development of mid-IR ͑2-4 m͒ semiconductor lasers. Bewley et al. 10, 11 have already reported optically pumped Sb-based VCSELs at 2.9 m for chemical sensing. Recently, monolithic electrically pumped ͑EP͒ GaSb-based multimode VCSELs in pulsed operation emitting at 2.63 m have been obtained, which is the longest wavelength ever reported for any EP-VCSELs. 12 However, lasers with singlemode continuous wave ͑cw͒ emission are usually required, especially in absorption spectroscopy.
In this paper, we demonstrate the extension of GaSbbased buried tunnel junction ͑BTJ͒-VCSEL technology to ϳ2.6 m and present EP devices with maximum cw operation beyond room temperature ͑RT͒. This result was obtained using a simple and low-cost device fabrication. A schematic cross-section of the 2.6 m GaSb-based VCSEL design is illustrated in Fig. 1 .
Utilizing a twofold epitaxial growth process, the VCSEL structure was grown with a Varian Mod Gen II-MBE system equipped with solid sources and valved cracker cells for arsenic and antimony. The first epitaxial run starts with the growth of a bottom n-doped distributed Bragg reflector ͑DBR͒ consisting of 24 pairs of AlAs 0.09 Sb 0.81 / GaSb layers. The calculated reflectivity of this mirror is approximately 99.7% at 2.6 m, which is limited by free-carrier absorption. Thus, increasing the number of mirror pairs will not increase the reflectivity further. Then, the active region is deposited consisting of seven 10 nm thick quantum wells made of Ga 0.57 In 0.43 As 0.15 Sb 0.85 with a compressive strain of 1.7%. The wells are separated by 8 nm thick GaSb barriers.
The first epitaxial growth is finished by the heavily doped tunnel junction layers made of n + -InAsSb/ p + -GaSb, both doped with Si, which define the active area of the device ͑diameter, D͒ after structuring by conventional UV lithography and subsequent etching. Then, an n-doped current spreading layer and a highly doped n + -InAsSb contact layer are deposited in the second epitaxial run. The top dielectric mirror consists of four pairs of evaporated SiO 2 / a-Si. The reflectivity of this mirror is calculated to be 99.8% at 2.6 m, i.e., slightly higher than the bottom mirror reflec- tivity. Details of the GaSb-based BTJ-VCSEL fabrication process can be found elsewhere. 13 The temperature dependent light-current ͑L-I͒ characteristics of a device with D =6 m are presented in Fig. 2 . The device shows cw operation up to 55°C heat-sink temperature. The rollover peak power of this device obtained at RT ͑i.e., 25°C͒ is 0.3 mW, yielding a differential quantum efficiency of 9.6%. At RT, the threshold current, I th is 3.9 mA, corresponding to an effective threshold current density of around 5 kA/ cm 2 , where lateral carrier diffusion of 2 m ͑as simulated͒ on each side of the BTJ is taken into account. This diffusion process leads to a broadening of the effectively pumped area in the active region. With respect to the corresponding photon energy at 2.6 m wavelength ͑Ϸ0.48 eV͒, the threshold voltage is 240 mV higher.
The differential series resistance, R s , is around 36 ⍀ at rollover current. Several parts of the device contribute to R s , for instance, top p-contact, lateral spreading resistance by top n-GaSb layer, tunnel junction and bottom n-doped epitaxial mirror. The latter is dominating in such devices, despite the fact that the current spreads out in the bottom mirror. Here, the top p-contact, 14 the top lateral current spreading layer for the annular contact, 15 and the tunnel junction 16 contribute by about 0.9, 5.6, and 9.2 ⍀, respectively, to the total calculated resistances. Therefore, the rest of the total series resistance can be attributed to the epitaxial bottom mirror.
The dependence of the threshold current as a function of the heat-sink temperature is displayed in the inset of Fig. 2 . I th ͑T͒ characteristics in VCSELs is a bit complicated, which is determined by several factors, such as relative position of the gain peak with respect to the cavity mode, the change of the gain peak height caused by the spectral broadening, the effective differential gain value under device operating condition, and the temperature dependent loss mechanisms. It should be noted that the gain maximum should be negatively detuned with respect to the cavity mode in a way that the threshold minimum comes at RT under device operating condition. But this is not the case in Fig. 2 inset hinting that the designed offset value is not sufficient. Therefore, improvement of I th ͑T͒ characteristics, higher output power and higher temperature operation in the device can be obtained by a further blueshift of the emission of the active region or redshift of the cavity resonance by larger cavity length, i.e., increasing the offset value, which is rather a critical design issue.
The emission spectrum of a 6 m device at RT in cw operation is shown in Fig. 3 . The lasing wavelength is around 2596 nm and sidemode suppression ratio is measured over 27 dB.
The thermal tunability and the electrical power tunability of the lasers were measured by varying the heat-sink temperature at constant electrical power and by varying the laser current at constant heat-sink temperature, respectively, as illustrated in Fig. 4 . High tuning rates are very attractive for gas sensing applications since several gas absorption lines may be scanned at a time by the temperature and currentinduced self-heating effect. Note that the devices remain single-mode across their entire operating temperature and applied electrical power ranges.
The thermal properties of the presented VCSEL with 6 m BTJ diameter have been studied by means of finite element analysis using a two-dimensional cylinder model. The commercial simulation program QUICKFIELD 5.4 ͑Ref. 17͒ was used. For simplicity, we assumed that all of the heat was generated in the active region. The heat power generation per unit volume q in the active region can be represented by the following relationship,
where I is the laser driving current, V the voltage drop across the device, v the active region volume, and P the light output power. Thus, the temperature distribution of the device is obtained as shown in Fig. 5 . The maximum temperature rise ⌬T in the active region against the heat-sink temperature can be described by the thermal resistance 
Thus, R th is calculated to be 1700 K/W which demonstrates a better thermal management of the device than any InP-based 18 or GaSb-based 13 VCSELs with the same aperture reported so far. This value also shows a fair agreement with our experimental value
In conclusion, we have described a GaSb-based VCSEL with an emission wavelength of 2.6 m using the BTJ technology. The EP devices show cw operation and single-mode emission up to a heat-sink temperature of 55°C, which is expected to be increased further by an optimized mode-gain offset. Further improvements of the device performance are expected through an improved layer thickness control in the epitaxial growth, a better thermal management and an optimization of the relative alignment of the cavity mode and material gain peak. 
